The turn-taking prosodic ability in children with Asperger Syndrome (AS) was explored using perceptual and acoustic measurements. Eight-and nine-year-old children with AS (N = 12) were matched on age and non-verbal intelligence to typically developing peers. Although the turn-taking ability in children with AS was not functionally impaired, perceptual ratings revealed atypical prosodic features, and acoustic measurements showed alterations in the duration and pitch of one-word productions. Additionally, the children with AS had greater variability in fundamental frequency contours compared to typically developing peers. Naive adult listeners reported an impression of oddness in the prosody of children with AS, which may have consequences for social interactions. Clinical and scientific implications of these results are discussed.
. These impairments may range from observable differences with no impact on comprehension to complete misunderstanding.
Moreover, expressive prosody deficits persist even while other aspects of speech functioning improve, such as conversational skills (Simmons & Baltaxe, 1975) . Therefore, the characterization of prosodic atypicalities in ASD is crucial, whether it indicates a severe pathology or minor problems in accuracy of communication.
Descriptions of prosodic impairments in ASD include specific difficulties with rhythm, speech rate, and intonation patterns (e.g., Paul, Augustyn, Klin, & Volkmark, 2005; Shriberg et al., 2001) . Additionally, it is known that children with ASD have at least some prosodic impairment and that the use of prosody to convey affect and phrase level stress are abilities harder to master (McCann, Peppé, Gibbon, O'Hare, & Rutherford, 2007) . Despite previous studies, research has not yet provided a consistent characterization or typology of these prosodic disordered patterns and studies have not captured the extent of prosodic impairments in ASD. Moreover, a great amount of data from previous studies is contradictory. Researchers have reported both the presence of exaggerated intonation and monotone intonation, as well as of slow syllabic speech and fast articulatory rate , to pinpoint a few examples. It is also true that many individuals with ASD (especially AS children) score very well on prosodic tasks. No convincing explanation is provided in the literature for this variability. Furthermore, very little is known about the comprehension and production of prosody in children with autism.
Many studies of prosody in ASD present methodological issues related with the assessment of prosody (e.g., . Therefore, improvements in the assessment of prosodic skills are required. The evaluation of expressive and receptive prosodic skills using perceptual measures, as well as acoustic analysis, could have significant clinical implications and improve differential diagnosis, assessment, and intervention for individuals with ASD.
In sum, prosody has been long considered an important topic of research both in typically developing children and in clinical populations, and it is consensual that atypical prosody is a common feature of ASD (e.g., Peppé, 2007) . Nevertheless, no consensus has emerged on the characterization of the prosodic profile in ASD. In this study we analysed perceptual and acoustic measures and explored prosodic differences between individuals with AS and typically developing peers with the goal of characterizing potential prosodic impairments in children with AS. First, we analysed whether prosodic turn-taking is impaired in children with AS. Second, we examined if blind judges are able to identify atypical prosodic features for AS children through perceptual measurements. Finally, we studied the acoustic parameters of the children's productions in order to identify whether AS child speech exhibited differences in duration, pitch, and/or intensity. We described the acoustic parameters that can best define the atypicality of AS speech and presented some guidelines for parents and professionals to follow to reduce the effects of disordered prosody. et al., 1989) . Exclusion criteria were schizophrenia, obsessive-compulsive disorders, attention deficit hyperactivity disorder, and learning difficulties. These children with AS were PROSODY IN ASPERGER SYNDROME 8 matched on age (M = 8.35, SD = 0.49) and non-verbal intelligence to typical developing peers (10 boys) (see table 1 ). Children with AS were attending special units for ASD within the mainstream school, and TD children were attending elementary school (first and second years). Informed consent was obtained from the parents of participating minors.
Method
Insert Table 1 All children showed a level of non-verbal intelligence at to or higher than average, as assessed with Raven's Coloured Progressive Matrices (Raven's CPM, Raven, 1995; Simões, 2000) .
Additionally, a group of 35 undergraduate students attending a master in education at the University of Aveiro, with a mean of age of 22.11 years (SD = 4.88), rated how natural the AS children's one-word productions sounded.
All participants were native speakers of European Portuguese, did not present any visual or hearing problems. The children were born and raised in monolingual homes in the region of Porto.
Material
Raven's CPM (Raven, 1995; Simões, 2000) experimental items). In the receptive task, participants have two image choices (one representing statements and the other representing interrogatives) and hear a word that could be produced as a question or as a statement (e.g., Carrot. vs. Carrot?). They are asked to choose if they heard a question or a statement by pointing to the appropriate picture. In the expressive task, if participants see a picture of a person reading in a book about food, they will produce the name of the food item with the statement intonation (e.g., Carrot); on the other hand, if participants see a picture of someone offering food, they will produce the name of the food item with a question intonation (e.g., Carrot?). A demonstration of the assessment procedure can be found on the following website: http://www.peps-c.com. In addition, a digital recorder was used to record participant's performance on the Turn-End expressive task.
For the atypicality rating of childrens' one-word speech productions in the Turn-End task, one audio-file for each child were created using all the Turn-end productions with a 4-second inter-stimulus intervals (N = 29 audio-files). The audio-files order was randomized and presented with an interval of 10 seconds. A 5-point Likert scale was used to rate the prosodic atypically.
We used IBM® SPSSTM version 20.0 for the statistical analyses and PRAAT (Boersma & Weenink, 2011) for the acoustic analysis.
Procedure
Participants were assessed in one individual session during approximately 30 minutes at local institutions with adequate comfort, sound, and lighting conditions. The tasks were presented in the same order for all the participants. First, for Raven's CPM the children saw a series of matrices with missing parts and had to point to the pattern piece that completed the matrix. Second, in the Turn-End subtest receptive task, the subject was asked to choose the picture (from the 2 presented) that matched with the intonation pattern he/she heard. In the expressive task, the participant saw one picture and had to produce the appropriate intonation.
Subject performance in the tasks was audio-recorded for perceptual and acoustic characterization; the distance of the speaker from the recorder was approximately one foot.
For the perceptual characterization of prosodic atypically, judges listened to audio-files of all the children's productions in the expressive task of the Turn-end subtest. After heard each audio-file, judges rated atypicality in a 5 point Likert scale. They were told to judge whether the child sounded common or uncommon and to not value articulation errors or regional accent. Judges had no information about the study objectives.
For the acoustic characterization, the speech sample of children's productions was spliced into individual sound files (one per word). For each word item, duration, pitch (maximum, minimum, range, and mean), and intensity (maximum, minimum, and mean) were calculated.
Results
With the goal of analysing performance differences between the AS and TD groups on the Turn-end subtest, a comparative analysis was conducted. Results for the Turn-end subtest are shown in Table 2 . The average results obtained in the receptive task for the AS group (M = 14.50, SD = 2.61) were close to those obtained by the TD group (M = 13.67, SD = 2.77). An analysis of variance (ANOVA one-way) on the test results, with Group as a factor (AS Group vs. TD Group), revealed that the two groups performance did not differ (F (1, 27) = 0.574; ns).
Insert Table 2 In the expressive task of the Turn-End subtest (see Table 2 ), the average scores for the AS group (M = 12.62, SD = 3.39) were also very similar to those obtained by the TD group (M = 11.76, SD = 3.81), and again performance did not differ between the two groups (F (1, 27) = 1.521; ns). Box plots of the two groups for the receptive and expressive tasks are shown in Figure 1 .
Insert Figure 1 Since differences in turn-end prosodic skills (receptive and expressive) were not found between the two groups of children, perceptual and acoustic analyses of the one-word productions in the expressive task were conducted. Blind judges rated the children's productions in a 5-point Lickert scale with respect to the presence of atypical prosodic features. As a result, judges perceived AS children's productions as sounding significantly more atypical or uncommon than those of the TD children (M = 3.42 vs. 2.39, respectively for AS and TD; F (1, 27) = 10.98; p = 0.003). Figure 2 shows a box plot for the atypicality rating for the two groups.
Insert Figure 2
Acoustic measurements were performed on the speech sample of children's productions spliced into individual files, one for each word-item. For each word, duration, pitch (maximum, minimum, range, and mean), and intensity (maximum, minimum, and mean) were calculated. Results are given in Tables 3 and 4 , respectively for declarative and interrogative items. Box plots for the acoustic measurements by modality (declarative and interrogative) for the two groups are shown in Figure 3 . Insert Table 3 Insert Table 4 Insert Figure 3 A multivariate analysis of variance (MANOVA) was carried out to assess whether the factor Group (TD Group vs. AS Group) had a significant effect on the multivariate composite that includes duration, pitch (maximum, minimum, range, and mean), and intensity (maximum, minimum, and mean). The MANOVA revealed a significant group effect and the power of the test was very good (Pillai's Trace = 2.857; F(1, 27) = 0.533; p=0.027; ηp2 = 0.533; Power = 0,828).
Additionally, analyses of variance with Modality (declaratives vs. interrogatives) as a within-subject factor and Group (AS Group vs. TD Group) as a between-subject factor were conducted for each acoustic parameter, in order to identify which acoustic parameters were . Also, no differences were found for the intensity parameters between the two groups for both conditions. A standard multiple regression was used to assess the success of a model including the significant parameters as predictors of the perception of atypical prosody. All predictor variables were included in the backward stepwise method (see Table 5 ). The best-fit model (R 2 = 0.63, F (5, 23) = 10.484; p = <.001) for predicting the presence of atypical prosody was composed by interrogative maximum pitch (beta = .499), declarative maximum pitch (beta = -.586), interrogative mean pitch (beta = -.605), declarative mean pitch (beta = .525), and interrogative duration (beta = .749).
Insert Table 5 An inspection of the fundamental frequency contours (f0) revealed that the productions of the speakers with AS appeared to be characterized by heterogeneous contour patterns unlike the productions of the TD peers which showed more consistent patterns, in line with the higher variability shown by AS speech (as indicated by the SD values for pitch range and maximum pitch).
Discussion
The aim of the present study was to describe the prosodic profile of Portuguese speaking children with AS and to identify potential markers of prosodic impairment for this clinical population. As previous research findings on atypical prosody are inconsistent, in this study the focus was set on the perceptual analysis of prosody, as well as in fine details of the acoustic properties of the one-word children's productions with declarative and interrogative intonation. Twelve children with AS were matched to 17 typically developing peers on age and non-verbal intelligence, and they were evaluated with the Turn-end subtest of the PEPS-C. The results support the idea that the turn-taking ability in children with AS was not functionally impaired. However, perceptual ratings revealed atypical prosodic features, and acoustic measurements showed alterations in duration and pitch. Additionally, children with AS had a greater variability in fundamental frequency contours compared to typically developing peers.
Similar to Peppé, Cleland, Gibbon, O'Hare, and Mastínez-Castilla (2011), we did not find any differences between children with AS and typically developing peers in the turntaking test, neither for receptive nor for expressive skills. The turn-taking prosodic ability seems to be functional in children with AS. However, in line with previous findings by Peppé (2007) , judges identified atypical features in the productions of children with AS. These atypicalities in expressive prosody may induce the listener to perceive some strangeness in the utterances that could have implications in social interaction settings. In fact, atypical perception of prosody has severe consequences for social integration, as documented in the literature (e.g., Baron-Cohen & Stauton, 1994) .
Diehl and Paul (2013) also found specific acoustic patterns in the speech of children with AS. As they pointed out, children with AS spoke more slowly and with more variable pitch (and higher pitch peaks) than their typically developing peers, but with no differences in minimum pitch and intensity. This pattern of results seems to match with the predictions of the hypothesis of a significant deficit in duration described by Bellon-Harn, Harn, and Meline (2007) . The researchers found consistent deviances in rate and inappropriate pausing in the productions of children with AS. Shriberg and colleagues (2001) also found that there were no differences in intensity between children with high functioning autism and typically developing peers. More recently, Demouy and colleagues (2011) suggested some prosodic features that could be considered markers of ASD pathology, such as "rising intonation". The results of our study support the hypothesis that increased pitch variability may be a marker for AS, and that alterations in utterance duration and maximum and mean pitch are good acoustic predictors for the atypicality found in the perception of AS speech. Interestingly, these acoustic predictors seem to be independent of the particular native language spoken by children with AS, given the convergent results found for English and European Portuguese children.
Furthermore, our results suggest that speakers with AS have characteristics generally different from typically developing peers in their fundamental frequency contours. These contours seem to show more consistent patterns for typically developing children which contrast with the high variability present in the AS children's contours. Therefore, contrary to a common impression of monotonic speech in autism (Baltaxe & Simmons, 1985) , children with AS have greater variability in pitch compared with typically developing peers.
This same result was also found in children with high and lower functioning autism (Baltaxe, 1984; Diehl, Watson, Bennetto, McDonough, & Gunlogson, 2009 ).
These acoustic deviations in prosodic markers observed in autistic children's speech could be a signal for delay or for impairment. On the one hand, delay means that children will reach typical development stages at some point (like a train being delayed, but reaching its destination). On the other hand, the impairment hypothesis suggests a disordered profile with gaps in developmental milestones with progress occurring in a non-sequential pattern. How can the prosodic markers studied in the literature contribute to this debate? Are prosodic deviations a signal of delay or of impairment? Our findings showed that word duration (in ms) was significantly longer in the clinical population. Because duration diminishes with age (e.g., Harnsberger, Shrivastav, Brown, Rothman, & Hollien, 2008), we strongly suggest that this acoustic parameter is delayed in children with AS. In the case of fundamental frequency contours, it has been described that they are generally different from those of the typically developing peers. As variation in pitch decreases with age in typical development (Whiteside & Hodgson, 2000) , it is quite possible that these differences may be also due to a relative delay in this prosodic cue. Prosodic markers are important whether they represent a delay or an impairment, and this particular distinction should be analyzed for intervention planning.
Although prosodic impairments in the autistic spectrum and their implications for the social context have been discussed in previous research (e.g., Baron-Cohen & Stauton, 1994) , a systematic study about prosody rehabilitation, to our knowledge, does not exist. Therefore, research on prosody intervention is a current need, and the results of the present study have Also, the use of engineering technology in order to automatically assess prosodic ability has been shown to be able to distinguish among pathological subjects Warren et al., 2010) .
In conclusion, this study provides evidence of acoustic specificities in the speech of children with AS with no apparent functional correlates. As expressive prosody plays a vital role in the way listeners react to a speaker, knowing more about the prosodic profile of these individuals would help to design better intervention strategies. However, further methodological improvements are needed in order to address current limitations and achieve promising results. First, studies should incorporate larger sample sizes to obtain representative findings. Second, it is necessary to explore other pitch measures in more naturalistic settings, such as conversations. Fine, Bartolucci, Ginsberg, and Szatmari (1991) showed that naturalistic speech could be more sensitive to subtle characteristics of prosody production in particular for autism populations. Finally, the parameters analysed may not capture all the factors that could contribute to atypical expressive prosody (for example, a phonological analysis of intonation patterns in AS speech is still to be done). In order to capture the extent of prosodic impairments in ASD, future work should address these issues, by building on the practical and scientific implications of the present study. 
